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In  the  previous  works  [1-4]  where  MOCVD  technology  was  used,  It 
has  been  demonstrated  that  aluminum-free  InGaP/GaAs  system  has 
many  advantages  in  comparison  with  conventional  AIGaAs/GaAs 
system  for  the  optoelectronic  device  fabricatbn  including  strained 
0.98pm  laser  diodes  [5-6].  However,  till  now,  Al-free  InGaAsP/GaAs 
0.8pm  lasers  that  are  of  great  practical  importance,  have  been 
prepared  only  with  liquid  phase  epitaxy  method  [7-8]  which  does  not 
provide  the  possibility  for  full  realization  of  ail  advantages  of  Al- 
free  system  for  high  power  laser  diode  fabrication  as  well  as  for 
development  of  their  mass  production  capability.  In  this  report  we 
demonstrate  the  first  MOCVD  grown  InGaAsP/InGaP/GaAs  laser 
emitting  near  0.8pm. 

The  simplest  version  of  a  laser  structure  that  is  a  double 
heterostructure  was  prepared  and  investigated  in  these  first 
experiments.  The  band  diagram  is  schematically  shown  in  Fig.  1. 
InGaP/InGaAsP/InGaP  epitaxial  layers  were  grown  on  (100)  oriented 
Si-doped  GaAs  substrates  with  doping  concentration  of  Ixl0l8cm"3. 
The  laser  structure  consists  of  (i)  0.7pm  Si-doped  InGaP 
(Nd=4.7X10l7cm"3)  as  the  confinement  and  cladding  layer;  (ii) 
0.1pm  undoped  InGaAsP  active  layer  with  background  doping 
concentration  lower  than  lO^^cm’^;  (Hi)  i.Spm  InGa?  Zn  doped 
(Na*5.6X10l7cm"3)  as  the  second  confinement  and  cladding  layer; 
(iv)  0.1pm  GaAs  contact  layer  (Na=lX10l9cm‘3).  The  distribution  of 
impurity  concentration  obtained  by  electrochemical  capacitance- 
voltage  profiling  across  the  structure  is  shown  in  Fig.  2.  The  details 
of  the  growth  and  material  characterization  are  presented 
elsewhere  [9]. 
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Though  broad-area  lasers  are  of  small  practical  importance 
because  of  high  threshold  currents,  the  data  obtained  for  them  are 
often  used  as  reference  values  or  for  the  purpose  of  comparison.  The 
investigated  broad  area  contact  laser  diodes  with  stripe  width  of 
100  and  ZOOum  were  fabricated  of  two  wafers  (#36  and  #43). 
lOOpm  -  wide  stripe  diodes  were  manufactured  of  both  structures  at 
the  Center  for  Quantum  Devices.  For  comparison,  ZOOpm  -  wide 
stripe  lasers  with  Ti/Pt/Au  p-contact  were  made  of  wafer  #43  by 
Amoco  Technology  Co.  lOOpm  stripe  lasers  had  annealed 
Au/AuZn/Au  p-contact,  metallization  and  p-GaAs  between  the 
stripes  had  been  removed,  thus  providing  an  opportunity  to  observe 
spontaneous  emission  through  p-InGaP  cladding  layer  in  the 
direction  normal  to  the  stripe.  Both  types  of  diodes  had  AuGe/Ni/Au 
n-contact.  Diode  chips  with  cavity  length  varying  from  110  to  910 
jam  were  cleaved  and  tested  with  needle  probe  under  pulse  operation. 
Several  lOOiiim  and  ZOOiiim  -  wide  stripe  diodes  were  In-bonded  on 
copper  heatsinks. 

Fig.  3  shows  l-V  characteristics  for  two  bonded  diodes  with  stripe 
widths  100  and  Z004m  having  the  same  contact  area  ~10"3cm2.  As 
can  be  seen,  the  characteristics  shown  are  very  close  to  each  other, 
cutoff  voltage  exceeding  Eg  of  the  active  region  by  0.4-0. 5  V.  Since 
this  feature  was  observed  for  the  diodes  processed  independently  in 
two  different  ways,  we  suppose  it  to  be  attributed  to  the  intrinsic 
properties  of  the  laser  structure  rather  than  to  the  fabrication 
procedure.  For  both  types  of  diodes  series  resistance  decreases  at 
higher  current  densities  and  at  J  over  lkA/cm2  is  close  to  1  Ohm. 
This  value  is  several  times  higher  than  that  for  the  best  AIGaAs 
diodes  and  calculation  shows  that  a  substantial  part  of  this 
resistance  is  introduced  by  p-InGaP  cladding  layer  and  may  be 
eliminated  with  higher  doping  of  this  layer. 

Spectra  of  lasing  for  two  diodes  with  cavity  length  of  5004m 
prepared  from  wafers  #36  and  #43  are  given  in  Fig.  4.  The  close 
lasing  peak  positions  for  the  diodes  fabricated  in  different  growth 
runs  imply  a  good  reproducibility  of  the  technology  developed. 

The  threshold  condition  for  lasing  to  occur  is  that  gain  should  be 
high  enough  to  compensate  for  all  losses  through  the  length  of  the 
cavity  during  one  period  of  oscillation.  A  pumping  current  necessary 
to  provide  this  value  of  gain  is  the  threshold  current.  It  is 
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convenient  to  describe  the  quality  of  planar  laser  structure  in  terms 
of  threshold  current  density  rather  than  absolute  threshold  current. 
Having  a  laser  stripe  long  and  broad  enough  to  neglect  all  mirror  and 
lateral  effects,  threshold  current  per  unit  area  depends  exclusively 
on  specific  quality  of  the  wafer.  Minimal  threshold  current  density 
is  highly  desirable.  It  results  in  low  Joule  heating  of  laser  device 
and  therefore  is  important  for  high-power  applications.  Threshold 
current  density  depends  on  various  laser  structure  and  material 
parameters  (d-active  layer  thickness,  nl  "internal  quantum 
efficiency.  Jo-transparency  current  density,  r-optical  confinement 
factor,  p-fitting  parameter,  ai-internal  losses,  L-cavity  length,  R- 
reflectivlty  of  the  laser  mirrors)  and  is  given  by: 

Jth=d/ni  (Jo+ 1  /rp(ai+(l/L)ln(l/R))) . (1 ) 

Physical  meaning  of  those  parameters  will  be  discussed  later. 

A  linear  gain-current  relation  is  assumed  here: 

gmaterial  =P(J-  Jo) . (la) 

Fig.  5  shows  the  threshold  current  density  versus  reciprocal  cavity 
length  for  1004m  -  wide  diodes*  fabricated  of  the  structures  #36 
and  43.  The  results  obtained  for  the  bonded  diodes  are  shown  in  the 
same  graph.  No  substantial  difference  in  Jth  was  observed  for 
bonded  and  unbonded  diodes  with  cavity  lengths  shorter  than  500  jam. 
However,  for  the  chips  longer  than  500  4m,  bonded  diodes  exhibited 
lower  threshold  current  densities  than  under  testing  needle. 
Minimal  values  of  threshold  current  densities  obtained  are  700- 
800A/cm2,  that  Is  better  than  for  similar  InGaAsP/GaAs  double 
heterostructure  lasers  grown  by  liquid  phase  epitaxy  [10].  Those 
results  are  also  superior  than  well-known  data  of  1  kA/cm^  for 
AIGaAs  diodes  with  the  same  bandgap  difference  between  active 
region  and  cladding  layers  and  with  a  similar  width  of  the  active 
region  (d~0.l4m)  [11].  The  quoted  data  for  AIGaAs  are  close  to 
theoretical  predictions  [12].  We  also  calculated  threshold  currents 
for  long-cavity  lasers,  assuming  refractive  index  and  its  dispersion 
for  InGaAsP  and  InGaP  corresponding  to  the  known  values  for  AIGaAs 
compounds  with  the  same  bandgap  [1 3].  For  double  heterostructure, 
which  is  essentially  a  three-layer  waveguide,  optical  confinement 


*  ZOOpm  -  stripe  laser  diodes  demonstrated  the  same  Jth- 
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factor  r  Is  roughly  proportional  to  for  d  <  500A.  Generally,  r  may 
be  calculated  as 


r  2 

p  _  ^ _ Jo  Cos  iXxlcix  _ _  ^2) 

Jo  COS  r:os^  «Va^Jx. 

In  our  case  rfor  d~0.lMni  was  determined  to  be  about  0.3.  Utilizing 
this  value  of  r  it  was  previously  showed  that  for  the  diodes  with 
cavity  length  ~lmm  the  value  of  Ith  =  700  A/cm^  is  close  to  the 
minimal  values  of  threshold  corresponding  to  the  100%  internal 
efficiency  of  radiative  recombination  of  carriers  in  the  active 
region[10].  ni  is  the  internal  quantum  efficiency  given  by  the  ratio 
of  radiative  recombination  rate  in  the  active  region  to  the  total 
recombination  rate.  This  important  parameter  is  the  number  of 
photons  emitted  in  the  active  medium  per  one  electron  injected. 

Additional  confirmations  of  the  assumption  of  ni~‘IOO%  were  given 
by  our  studies  of  external  efficiency  of  spontaneous  emission.  This 
parameter  integrates  radiative  recombination  efficiency  with  losses 
in  laser  structure  giving  a  number  of  photons  emitted  per  injected 
electron.  It  can  be  measured  experimentally  as 


He  ®  ®Pout !  hvl. 


(3) 


and  is  linearly  related  to  t\\  as 


ne  =  vnl . . . . (3a), 

where  y  is  current-independent  coupling  factor  depending  upon  the 
geometry  and  absorption  losses. 

Spontaneous  emission  intensity  observed  in  the  direction  normal  to 
the  stripe  increased  linearly  with  current  up  to  the  value  of  about 
IkA/cm^  and  demonstrated  a  weak  temperature  dependence  (a 
decrease  of  no  more  than  25%  for  the  temperature  increase  from  300 
to  380K  at  400  A/cm2),  as  shown  in  Fig. 6.  Both  of  those  facts 
indicate  that  major  part  of  the  injected  carriers  recombine 
radiatively  in  the  active  region.  However,  those  experiments  did  not 
provide  for  estimating  the  absolute  values  of  external  efficiency. 
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since  major  part  of  the  radiation  emitted  towards  the  surface  was 
absorbed  by  stripe  contact  metallization.  In  order  to  determine  the 
external  efficiency,  we  fabricated  and  bonded  very  short  diodes  with 
cavity  length  of  about  TOO  urn.  The  current  dependence  of  the 
intensity  of  spontaneous  emission  observed  in  continuous  wave 
operation  through  the  mirror  of  one  of  those  short  diodes  is  shown  in 
Fig. 7.  External  quantum  efficiency,  determined  according  to  eq.  (3) 
from  the  linear  part  of  this  curve,  where  effects  of  heating  are 
negligible.  Is  -0.4%.  This  value  seems  quite  consistent  with 
ni~100%,  since  our  estimates  show  the  maximum  value  of  ne  for  the 
radiation  propagating  through  a  non-absorbing  waveguide  to  the 
mirror  cannot  exceed  1.5%.  This  value  was  previously  obtained  for 
short  cavity  SCH-SQW  LPE-grown  InGaAsP/GaAs  laser  iodes.  In  our 
case  only  long-wavelength  part  of  spontaneous  emission  can  be 
efficiently  coupled  out  through  the  mirror  even  for  the  diodes  with 
L~100Mm  due  to  a  strong  self -absorption  Inside  of  their  0.1  um  - 
thick  active  layer  and  ne~0.4%  indicates  a  very  high  value  of  ni- 

A  value  of  To  is  used  to  characterize  the  threshold  current  behavior 
under  changing  lattice  temperature.  With  temperature  growing 
current  leakage  over  the  barriers  and  nonradiative  recombination 
rate  are  likely  to  increase,  resulting  in  higher  values  of  threshold 
current.  This  dependence  Is  observed  in  the  form  of  experimental 
relationship: 


l(T)  =  loeT- Tq/Tq . (4) 

Fig. 8  shows  temperature  dependence  of  threshold  current  for  a 
sample  with  L  =  ZlO^m  with  To~900c.  This  value  is  somewhat 
smaller  than  that  typical  of  AIGaAs  lasers  with  higher  barriers  and 
consequently  better  carrier  confinement. 

Fig. 9  presents  a  far-field  pattern  In  the  direction  transverse  to  the 
plane  of  p*n  junction  for  one  of  the  ZOOpm  -  wide  diodes.  A 
relatively  small  half-width  of  the  angular  distribution  (-280) 
exactly  corresponds  to  the  calculated  value  of  r  =  0.3  which  we  used 
for  threshold  current  calculations.  Narrow  far-field  distribution  Is 
of  practical  interest  since  high  laser  beam  divergence  may  prevent 
efficient  coupling  of  emission  into  optical  fiber.  At  the  sanfie  time 
deep  penetration  of  lasing  mode  to  the  cladding  layers  may  have  a 
negative  effect  on  some  other  parameters  of  the  laser  diodes.  For 
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example,  in  these  first  experiments  we  were  not  able  to  obtain  high 
differential  efficiencies  typical  for  contemporary  lasers  with 
quantum  well  active  regions.  Differential  quantum  efficiency  is  a 
fraction  of  electrons  that  is  converted  into  light  output  if  injected 
by  Increasing  the  driving  current: 


Hd  —  eAPout  /  hvAl . . . (5). 

At  threshold  nd  is  related  to  the  internal  quantum  efficiency  of 
stimulated  emission  as 

l/nd=(l/ni)(1  +ail7ln(l/R)) . (6). 

Fig.  10  shows  light-current  characteristic  of  a  bonded  SlO^m  -  long 
diode.  The  laser  was  tested  up  to  pulse  power  of  150mW  and 

demonstrated  nd-IS^  P®*"  two  facets,  that  Is  typical  of  these  long- 
cavity  diodes.  Maximum  value  of  nd~25%  was  obtained  for  the 
diodes  with  L  >  450-500Mm.  An  inhomogeneous  lasing  intensity 
distribution  across  the  stripe  area  (lasing  in  “filaments”)  may  be 
one  of  the  reasons  for  the  low  value  of  nd  for  broad-area  lasers  [11]. 
However,  in  this  case  spontaneous  emission  intensity  should  be 
expected  to  increase  above  the  threshold,  while  in  our  case  it 

exhibits  a  rapid  saturation  with  current,  typical  of  high-quality 

MOCVD-grown  AIGaAs/GaAs  lasers.  Taking  into  account  this  result 
as  well  as  the  above  mentioned  high  efficiency  of  spontaneous 
emission,  we  have  to  explain  the  low  differential  efficiency  by 
internal  losses  only.  The  main  sources  of  internal  losses  in  double 
heterostructures  are  light  absorption  by  free  carriers  in  the  active 
region  and  cladding  layers,  optical  scattering  loss  due  to 
irregularities  at  the  heterointerfaces  and  coupling  loss  when  the 
optical  field  spreads  beyond  the  cladding  layers.  The  experimental 
data  for  the  lasers  with  cavity  lengths  of  450-91 0pm  can  be 

explained  with  the  assumption  of  internal  losses  oq  of  about  40cmr 
which  is  higher  than  the  known  values  for  AIGaAs  structures  and 
cannot  be  ascribed  solely  to  the  free  carrier  absorption.  Low  value 
of  r~0.3  and  the  deep  penetration  of  the  lasing  mode  to  the  cladding 
layers  may  be  the  reason  for  additional  distributed  losses,  such  as 
light  scattering  at  heterointerfaces  and  coupling  losses  in  the 
contact  layer.  We  expect  this  source  of  losses  to  be  eliminated  with 
the  transition  to  separate  confinement  heterostructure  lasers 
having  the  lasing  mode  confined  stronger  to  the  waveguide  region. 
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Separate-confinement  heterostructure  (SCH)  laser,  as  proposed  in 
1973  by  Thompson  ano  Kirkby,  is  basically  a  four-  or  five-layer 
dielectric  waveguide  where  first  composition  step  gives  an  energy 
band  discontinuity  necessary  to  confine  Injected  carriers  within  the 
active  layer,  while  second  step  In  the  refractive  index  between  the 
waveguide  and  cladding  layers  provides  light  confinement  within  the 
optical  cavity.  Separate  optical  and  electrical  confinement  ensures 
nx)derate  beam  divergence  and  low  optical  power  density  on  the 
laser  mirror  while  preserving  fundamental  transverse  mode 
operation  and  low  threshold  current  density  for  the  lasers  with  thin 
active  layers.  Separate  confinement  is  critical  for  rTX>dern  quantum 
well  lasers  being  the  only  structure  design  providing  strong  overlap 
of  lasing  mode  with  thin  active  layer.  Also,  since  optical  wave  is 
propagating  rTK}Stiy  through  undoped  waveguide  layers  rather  than 
doped  cladding  layers,  as  in  double  heterostructure  lasers,  external 
efficiency  may  be  made  higher  due  to  lower  free  carrier  losses. 

As  has  been  mentioned  earlier,  decreasing  cavity  length  from  910  to 
about  400|im  leads  to  some  increase  in  differential  external 
efficiency.  However,  further  decreasing  the  cavity  length  results  In 
the  rapid  growth  of  the  threshold  current  densities  without  any 
Improvement  of  nd-  We  consider  the  reason  for  this  kind  of 
anomalous  behaviour  of  short  diodes  to  be  the  relatively  low 
confinement  barrier  height.  Under  this  condition,  the  increase  of 
excess  carrier  concentration  in  the  active  region  can  lead  to  a  sharp 
increase  in  electron  current  leakage  from  the  active  region  to  the  p- 
type  cladding  layer.  As  shown  in  [14],  this  leakage  not  only  results 
in  higher  threshold  current  density,  but  also  reduces  the  differential 
efficiency.  The  current  leakage  enhancement  under  current  density 
increasing  up  to  2-3kA/cm2  manifests  Itself  by  the  corresponding 
enhancement  of  temperature  dependence  of  spontaneous  emission 
efficiency  for  short-cavity  non-lasing  diodes  (a  decrease  of  ne  >s 
rTX)re  than  50%  for  temperature  increase  from  300  to  380K  at 
3kA/cm2).  The  effect  of  leakage  should  also  be  less  pronounced  in 
SCH-SQW  lasers  with  lower  threshold  current  densities  of  a  few 
hundreds  A/cm2. 

In  conclusion,  we  report  the  following  results  obtained  in  our  work: 

1.  InGaAsP/GaAs  laser  diodes  emitting  in  the  O.Spm  region  were 
prepared  by  MOCVD  for  the  first  time.  The  investigation  of  the 
lasers  fabricated  showed  that  at  the  pumping  current  densities 
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below  1  kA/cm2  almost  all  the  injected  carriers  recombine 
radiatively  in  the  quaternary  0.1  pm  -  thick  InGaAsP  active  region 
(ni-100%).  This  provides  the  threshold  current  densities  for  long- 
cavity  double  heterostructure  laser  diodes  to  be  as  low  as  700 
A/cm2  which  is  better  than  the  values  for  similar  AIGaAs  DH  lasers 
and  approaches  the  theoretical  limit. 

2.  The  results  reported  allow  to  suggest  the  fabrication  of  separate 
confinement  heterostructure  lasers  based  on  the  same  MOCVD-grown 
high-quality  InGaAsP  material  to  eliminate  the  inherent  drawbacks 
of  DH  lasers  studied  and  to  obtain  laser  diodes  with  the  parameters 
superior  than  the  best  results  for  SCH  SQW  AIGaAs  lasers. 
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growth  direction 
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Fig. 3  Typical  current  -  voltage  characteristics  of  two  diodes 
of  wafer  #43  with  the  same  stripe  area  prepared  by  Amoco 
Technology  Co.  and  Center  for  Quantum  Devices. 


Fig. 5  Threshold  current  density  as  function  of  reciprocal 
cavity  length  for  1 00|im  stripe  diodes  of  wafers  #36  and  #43. 
Filled  notations  correspond  to  bonded  diodes. 
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Fig. 8  Temperature  dependence  of  Jth  for  bonded  laser  diode  of 
wafer  #43  with  cavity  length  71  On  m. 
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Vertical  Far-Field  Plot 


Fig. 9  Far-field  pattern  in  the  direction  perpendicular  to  the 
junction  plane  of  200pm  •  wide  stripe  bonded  laser  diode  of 
wafer  #43. 
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